Painful peripheral neuropathy is a dose-limiting complication of chemotherapy. Cisplatin produces a cumulative toxic effect on peripheral nerves, and 30 -40% of cancer patients receiving this agent experience pain. By modeling cisplatin-induced hyperalgesia in mice with daily injections of cisplatin (1 mg/kg, i.p.) for 7 d, we investigated the anti-hyperalgesic effects of anandamide (AEA) and cyclohexylcarbamic acid 3Ј-carbamoyl-biphenyl-3-yl ester (URB597), an inhibitor of AEA hydrolysis. Cisplatin-induced mechanical and heat hyperalgesia were accompanied by a decrease in the level of AEA in plantar paw skin. No changes in motor activity were observed after seven injections of cisplatin. Intraplantar injection of AEA (10 g/10 l) or URB597 (9 g/10 l) transiently attenuated hyperalgesia through activation of peripheral CB 1 receptors. Co-injections of URB597 (0.3 mg/kg daily, i.p.) with cisplatin decreased and delayed the development of mechanical and heat hyperalgesia. The effect of URB597 was mediated by CB 1 receptors since AM281 (0.33 mg/kg daily, i.p.) blocked the effect of URB597. Co-injection of URB597 also normalized the cisplatin-induced decrease in conduction velocity of A␣/A␤-fibers and reduced the increase of ATF-3 and TRPV1 immunoreactivity in dorsal root ganglion (DRG) neurons. Since DRGs are a primary site of toxicity by cisplatin, effects of cisplatin were studied on cultured DRG neurons. Incubation of DRG neurons with cisplatin (4 g/ml) for 24 h decreased the total length of neurites. URB597 (100 nM) attenuated these changes through activation of CB 1 receptors. Collectively, these results suggest that pharmacological facilitation of AEA signaling is a promising strategy for attenuating cisplatin-associated sensory neuropathy.
Introduction
Cisplatin is a cytotoxic platinum-based drug widely used to treat various types of cancer. Unfortunately, cisplatin is accompanied by an array of dose-limiting side effects that reduce the effectiveness of treatment and affect survival. Since cisplatin at pharmacologic doses does not cross the blood-brain barrier, it almost exclusively damages peripheral tissues, including dorsal root ganglia (DRGs) and sensory fibers (Gregg et al., 1992) . The motor system does not appear to be affected (Albers et al., 2011) . Damage to DRG cells results in peripheral sensory neuropathy defined clinically and experimentally as a decrease in nerve conduction velocity (Verdú et al., 1999; Carozzi et al., 2009) , reduced tactile sensitivity, and hyperalgesia (for review, see Windebank and Grisold, 2008; Joseph and Levine, 2009; Ta et al., 2009) . The formation of DNA-platination products is considered the main trigger for the antineoplastic activities of cisplatin (Boulikas and Vougiouka, 2003; McDonald et al., 2005; Dzagnidze et al., 2007) , but the mechanisms underlying the hyperalgesia have not been resolved. Since damage to sensory neurons recovers only partially or not at all, therapies have been sought to prevent or decrease neurotoxic effects of cisplatin.
N-Arachidonoyl ethanolamine [anandamide (AEA)], an endogenous cannabinoid, acts as a partial agonist at cannabinoid type-1 receptor (CB 1 R) (Hillard, 2000; Pertwee and Ross, 2002) . Like synthetic CB 1 R agonists, AEA attenuates hyperalgesia in models of neuropathic , inflammatory Potenzieri et al., 2008) , and tumor (Khasabova et al., 2008) pain. Clinically, the synthetic cannabinoid agonist nabilone reduces chemotherapy-induced pain (Davis, 2008) .
Since AEA is hydrolyzed by the intracellular enzyme fatty acid amide hydrolase (FAAH) (Cravatt et al., 1996) , inhibiting FAAH increases the availability of endogenous AEA to activate CB 1 R and reduce hyperalgesia (Chang et al., 2006; Russo et al., 2007; Khasabova et al., 2008; Kinsey et al., 2009; Clapper et al., 2010) . CB 1 R-dependent neuroprotective effects of FAAH inhibitors include attenuation of cytoskeletal damage (Karanian et al., 2005) and reduction of hippocampal neuronal activity in models of excitotoxicity (Coomber et al., 2008) . These effects parallel the ability of CB 1 R agonists to protect neurons against injuries created by ischemia and oxidative stress (for review, see Svízenská et al., 2008; Fowler et al., 2010) .
It is not known whether changes in AEA signaling contribute to pain associated with cisplatin treatment and whether increasing AEA signaling reduces hyperalgesia and peripheral neurotoxicity associated with cisplatin. Therefore, the aim of the present study was to determine effects of AEA and URB597 on cisplatininduced hyperalgesia and test their ability to reduce symptoms of neurotoxicity. Neurotoxicity was defined as an upregulation of activating transcription factor-3 (ATF-3), a marker of cellular injury (Seijffers et al., 2006) , and biochemical and functional deficits in peripheral nerves. Our results support the strategy of inhibiting AEA hydrolysis to decrease the neurotoxicity and sensory symptoms associated with cisplatin treatment.
Materials and Methods
Animals. Adult, male C3H/HeN mice (25-32 g; National Cancer Institute) were used in these studies. All procedures were approved by the University of Minnesota Institutional Animal Care and Use Committee.
Drugs. The chemotherapeutic agent cisplatin [cis-diamminedichloroplatinum (II); Sigma-Aldrich] was dissolved in sterile saline to the final concentration (1 mg/ml). AEA was dissolved in Tocrisolve100. Stock solutions of the CB 1 R antagonist 1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-4-morpholinyl-1 H-pyrazole-3-carboxamide (AM281) (10 mg/ ml) and the CB 2 R antagonist 6-iodo-2-methyl-1-[2-(4-morpholinyl)ethyl]-1H-indol-3-yl](4-methoxyphenyl)methanone (AM630) (10 mg/ml) were prepared in DMSO. AM281 has 300-fold greater affinity for the CB 1 compared with the CB 2 receptor (Lan et al., 1999) . AM630 has 165-fold greater affinity at CB 2 compared with CB 1 receptors (Ross et al., 1999) . AEA, AM281, AM630, and Tocrisolve were purchased from Tocris. A stock solution of the FAAH inhibitor, cyclohexylcarbamic acid 3Ј-carbamoylbiphenyl-3-yl ester (URB597) (Cayman Chemical), was prepared in ethanol (8 mg/ml). All drugs were diluted in saline to achieve the final dose.
Assessment of body weight. Mice were weighed daily for the duration of the experiment before behavioral testing or drug injections. At the end of an experiment, the weight of each animal was compared with its weight at the start of the experiment, and the difference was expressed as a percentage of initial body weight.
Rotarod assay of motor function. To evaluate an effect of cisplatin on motor performance, mice were placed on a rotarod treadmill at an initial speed of 3.75 rpm with progressive acceleration to 5 rpm. A cutoff time of 300 s was used. The time spent on the treadmill before falling off was recorded for each mouse on each day of testing. Baseline measurements were obtained for all mice on 3 consecutive days before the first injection of cisplatin or vehicle.
Measurement of mechanical and heat hyperalgesia. Mechanical hyperalgesia was defined as an increase in the frequency of paw withdrawal responses to a standard von Frey monofilament that delivered a force of 3.7 mN. Mice were isolated under separate glass containers on a mesh platform and allowed to acclimate for 30 min before testing. The monofilament was applied to the plantar surface of each hindpaw 10 times (1-2 s each). Withdrawal frequency was determined and expressed as a percentage. Daily baseline measurements were obtained for all mice on 3 consecutive days before the first injection of cisplatin or vehicle. These data were used to screen mice for hypersensitivity, and animals that exhibited baseline withdrawal frequencies Ն50% were excluded from the study (Ͻ2%).
Sensitivity to heat was determined by measuring the latency in seconds of a withdrawal response to radiant heat applied to the center of the plantar surface of the hindpaw. Mice were placed on an elevated glass platform and allowed to habituate for 30 min. The thermal stimulus was applied three times on each paw, and consecutive applications of radiant heat were separated by at least 3 min. A cutoff time of 15 s was imposed to prevent tissue damage. The latency of response for each hindpaw was defined as the average of the three trials. A decrease in withdrawal latency was defined as heat hyperalgesia.
Mechanical and heat hyperalgesia were monitored in separate groups of mice that received intraperitoneal injections of cisplatin or vehicle (saline) once daily for 7 consecutive days. Behavioral testing occurred ϳ23 h after the previous cisplatin injection. To determine the acute, local anti-hyperalgesic effect of cannabinoids, mice were given an intraplantar (i.pl.) drug injection (10 l volume) into one hindpaw. Withdrawal responses evoked by the monofilament or radiant heat were then measured in each hindpaw before and every 30 min after drug injection for at least 2.5 h. To determine whether URB597 attenuated the development of cisplatin-induced hyperalgesia, cisplatin-treated mice also were given an injection of URB597 (9 g, i.p., once daily for 7 d). The intraperitoneal route for repeated injections of URB597 was selected to avoid damage to the hindpaw. The experimenter was blinded to all treatments.
Measurement of compound action potential. Mice were initially anesthetized with injection of sodium pentobarbital (Nembutal; 50 mg/kg, i.p.); supplemental doses (15 mg/kg) were given as needed to maintain areflexia during the experiment. The tibial nerve was exposed between the heel and the knee joint. The sciatic nerve was isolated from the distal portion of the femur to the point of entry into the pelvic girdle. The sheathing was removed from the distal portion of the tibial nerve and from the proximal end of the sciatic nerve. The length of the isolated nerve (20 -24 mm) was measured to the nearest millimeter between a unipolar recording electrode on the distal end of the tibial nerve and a proximally located bipolar stimulating electrode on the sciatic nerve. The nerve and surrounding tissues were kept moist during the experiment by repeated application of saline. The sciatic nerve was stimulated using a constant current stimulator and stimulus isolator (World Precision Instruments). Stimulation pulses were 200 s in duration and were delivered every 5 s. Current was gradually increased from 10 to 1000 A to obtain electrical thresholds for activation of A␣/A␤-and C-fibers. The compound action potential (CAP) evoked by stimulation of the sciatic nerve at 1.5ϫ the threshold to activate C-fibers was used for analysis. The CAP was amplified, displayed on an oscilloscope, and stored on a computer for off-line analyses using Spike2 software program (Cambridge Electronic Design). The A␣/A␤ component of the CAP was defined by fibers with conduction velocities Ͼ20 m/s; the C component was defined by fibers with conduction velocities Ͻ2 m/s.
Western blot analysis. Samples of tibial nerve (ϳ1 cm each pooled from two mice) from naive and cisplatin-treated mice were sonicated in singledetergent lysis buffer [50 mM Tris-HCl, pH 8.0, with 1% Triton X-100, 150 mM NaCl, 0.02% Na azide, 100 g/ml PMSF, and 1 g/ml protease inhibitor mixture (Sigma-Aldrich)], and the particulate fraction of the supernatant was obtained after serial centrifugation at 800 ϫ g for 10 min and 14,000 ϫ g for 25 min. Western blot analysis was performed on 10 g of protein, which was loaded onto a 10% SDS-PAGE gel, subjected to electrophoresis, and then transferred onto polyvinylidene difluoride membranes (Bio-Rad Laboratories). Nonspecific binding to membranes was blocked by incubation in Tris-buffered saline with 3% defatted dry milk for 1 h at room temperature. The membranes were probed with a mouse anti-phosphorylated 200 kDa neurofilament (p-NF) protein antibody (clone RT97; 1/2000; Boehringer Mannheim) overnight at 4°C. The primary antibody was detected with a peroxidase conjugate of goat anti-mouse IgG (1:20,000; GE Healthcare). Immunoreactivity (ir) was visualized using the enhanced chemifluorescence detection reagent (Thermo Fisher Scientific). Loading controls were performed with a rabbit anti-actin antibody (1:1000; Sigma-Aldrich). The amount of p-NF protein was defined as the ratio of RT97-ir to actin-ir within the same sample.
Immunohistochemistry. One day after the seventh injection of cisplatin alone, cisplatin with URB597, or vehicle mice were tested behaviorally to confirm the occurrence of mechanical hyperalgesia and were then prepared for immunohistochemical analysis of DRG samples. Animals were anesthetized deeply with sodium pentobarbital (50 mg/kg, i.p.) and perfused intracardially with 20 ml of PBS, pH 7.35, followed by 100 ml of 4% (w/v) paraformaldehyde in phosphate buffer, pH 6.9. DRGs (L3-L5) were removed, postfixed for 12 h in the perfusion fixative, and cryoprotected by immersion for 24 h in 30% sucrose at 4°C. DRGs were embedded in Tissue-Tek embedding medium (Bayer), rapidly frozen on dry ice, and processed for immunohistochemistry. The DRGs were cut into 15 m sections on a cryostat and thaw mounted on gelatin-coated slides. Sections were preincubated in a blocking solution of 3% normal donkey serum (Jackson ImmunoResearch Laboratories) with 0.3% Triton X-100 and 0.1% sodium azide for 1 h at room temperature. Approximately every sixth section was incubated with a pool of antibodies for detection of two antigens: rabbit anti-ATF-3 (C-19; 1:500; Santa Cruz Biotechnology) plus mouse anti-neuron-specific nuclear protein antibody (NeuN; 1:100; Millipore Bioscience Research Reagents), or guinea pig anti-TRPV1 (1:500; VR1 C terminus; Neuromics) plus mouse anti-␤-tubulin III (1:200; Sigma-Aldrich). Colabeling for NeuN-or ␤-tubulin III-ir was used to identify neurons (Moskowitz and Oblinger, 1995; Kim et al., 2009) . Sections were incubated with primary antibodies overnight at room temperature. After rinses with PBS, tissue sections were incubated for 1 h with a combination of Alexa Fluor 555-conjugated donkey antirabbit IgG (1:1000) or DyLight 594-conjugated donkey anti-guinea pig (1:800) with Alexa Fluor 488 donkey anti-mouse IgG (1:1000; Invitrogen) antibodies. Finally, the sections were rinsed in PBS, protected with a medium of glycerol/PBS (5:1 v/v), containing 0.1% p-phenylenediamide, and coverslipped. Immunoreactivity was visualized with an Olympus BX50 fluorescence microscope (Olympus Corporation) using a 10ϫ fluorite objective, and digitized images were obtained with an SCION1394 camera. Specificity of the ATF-3 (C-19) antibody was confirmed with an absorption control. When the diluted antiserum was incubated with the ATF-3 (C-19) blocking peptide (1:1 v/v; Santa Cruz Biotechnology), immunoreactivity was not observed. The specificity of the TRPV1 antibody for TRPV1 protein was previously described (Guo et al., 1999) . MetaMorph software (Molecular Devices) was used to define somal area and intensity of immunofluorescence. A neuron was scored "immunopositive" if its average intensity was Ͼ2 SDs greater than the mean intensity of neurons labeled with the secondary antibody alone. Only neurons with a visible nucleus were counted.
Immunocytochemistry. Primary cultures of mouse DRG neurons were prepared from dorsal root ganglia dissected from all levels of the spinal cord as described previously (Khasabova et al., 2007) . Cisplatin, URB597, or cannabinoid receptor antagonists were dissolved in medium, and drug treatments were initiated 1 h after plating. Effects of drug treatments on ␤-tubulin III-or NeuN-ir were determined after 24 h in vitro. Following a wash in HEPES buffer (in mM: 25 HEPES, 135 NaCl, 2.5 CaCl 2 , 3.5 KCl, 1 MgCl 2 , and 3.3 glucose, pH 7.4 and 335-340 mOsm), cells were fixed with 4% paraformaldehyde in PBS for 15 min at room temperature and then rinsed with PBS. Cultures were incubated for 1 h in PBS containing 0.1% Na azide, 0.3% Triton X-100, 5% normal donkey serum (Jackson ImmunoResearch Laboratories), and then incubated with mouse anti-␤-tubulin III antibody (1:200; Sigma-Aldrich) that specifically recognizes an epitope located on isotype III of ␤-tubulin. Mouse anti-NeuN-ir was used to determine neuronal survival. Specimens were incubated with primary antibodies overnight at room temperature. After rinses with PBS, samples were incubated for 1 h in FITC-donkey anti-rabbit IgG (1:100; Jackson ImmunoResearch Laboratories) combined with 7-amino-4-methylcoumarin-3-acetic acid-labeled donkey anti-mouse IgG (1:100; Jackson ImmunoResearch Laboratories). Finally, samples were rinsed in PBS, and bound fluorophores were protected by mounting as described above. No immunofluorescence was seen in the absence of primary antibodies. Fluorophores were visualized on a Nikon E400 fluorescence microscope using 10 or 20ϫ fluorite objectives, and digitized images were obtained with a MTI camera. MetaMorph software was used to measure the total length of neurites/neuron. The data were collected by an observer who was blinded to the treatment of the samples.
Measurement of endogenous AEA, 2-arachidonoyl glycerol, and palmitoylethanolamide. Samples of plantar paw skin were dissected and homogenized with 500 l of chloroform. Samples of cultured DRG cells were scraped from the bottom of the plate with a rubber policeman, sonicated in HEPES. All samples were mixed with 5 vol of chloroform containing 5 pmol of d 8 -AEA, 100 pmol of d 8 -2-arachidonoyl glycerol (d 8 -2-AG), and 100 pmol of d 4 -palmitoylethanolamide (d 4 -PEA) (Cayman Chemical) as internal standards. Extraction of lipids occurred by incubation at 4°C overnight. Mixtures were then homogenized with an equal volume of methanol/Tris-HCl (50 mM) (1:1). Homogenates were centrifuged at 3000 ϫ g for 15 min (4°C). The organic phase was evaporated with a gentle stream of nitrogen gas. Targeted isotope-dilution HPLC/atmospheric pressure chemical ionization/mass spectrometry was conducted on each sample as described previously (Khasabova et al., 2008) . The AEA, 2-AG, and PEA levels in experimental samples were estimated from the ratio of the area of deuterated compounds and AEA (0.02-20 pmol), 2-AG (2-2000 pmol), or PEA (2-2000 pmol) standards and were expressed as picomoles per gram of tissue or picomoles per sample (DRG).
Statistical analyses. Data are presented as the mean Ϯ SEM or the median with the 25th and 75th percentile range. Data were analyzed by one-and two-way ANOVAs (with repeated measures when applicable) followed by post hoc comparisons between groups. Levels of endogenous AEA were analyzed by Student's t test. The occurrence of ATF-3-ir and the length of tubulin-ir neurites were analyzed by Kruskal-Wallis ANOVA on ranks test. For all statistical analyses, a probability value of Ͻ0.05 was considered significant.
Results

Assessment of a model of cisplatin-induced hyperalgesia
A range of doses of cisplatin (0.5, 1, and 3 mg/kg, i.p.; daily for 7 d) was used to optimize the development of mechanical hyperalgesia in mice without producing deterioration in general health status. Weight loss (16%) was observed only for mice given the highest dose of cisplatin daily (3 mg/kg; p Ͻ 0.05, two-way ANOVA with Bonferroni's t test; n ϭ 6 -8 mice/treatment group; Fig. 1 A) .
Cisplatin produced a dose-dependent bilateral increase in the frequency of withdrawal evoked by the von Frey monofilament (3.7 mN) applied to the hindpaw of mice (Fig. 1 B) . Withdrawal frequencies increased following doses of 1 and 3 mg/kg. Withdrawal frequency was ϳ20% before cisplatin treatments and increased to ϳ60% within 7 d of treatment with the 1 or 3 mg/kg doses.
Since repeated injections of 1 mg/kg cisplatin produced robust mechanical hyperalgesia with no weight loss and no obvious deterioration in general health, this dose of cisplatin was chosen for subsequent studies. Mice that received this dose of cisplatin also developed heat hyperalgesia over the 7 d of cisplatin injections (Fig. 1C) . In contrast to changes in nociceptive responses, motor function measured with the rotarod assay was not changed by cisplatin treatment ( p ϭ 0.841, two-way ANOVA with Bonferroni's t test; n ϭ 4 -8 mice/group; Fig. 1 D) . Therefore, it is not likely that the measure of withdrawal of the cisplatin-treated mice to either the mechanical or thermal stimulus was confounded by a change in motor function.
To assess the contribution of endogenous AEA to cisplatinevoked mechanical hyperalgesia, AEA was measured in plantar skin from the hindpaws of saline-and cisplatin-treated mice. To exclude the involvement other lipids with similar physiological activity, levels of 2-AG and PEA were determined in the same samples. The level of AEA in cisplatin-treated mice decreased compared with saline-treated mice (Table 1) . This change was specific to AEA as the level of 2-AG was the same between treatment groups while the level of PEA increased in plantar skin from cisplatin-treated mice.
AEA attenuated hyperalgesia in mice treated with cisplatin
Given that a decrease in AEA in plantar paw skin was associated with hyperalgesia 1 d after the seventh injection of cisplatin (1 mg/kg, i.p.), we determined whether a single injection of AEA (10 g, i.pl.) into one hindpaw would attenuate mechanical hyperalgesia in the injected paw. Only mice exhibiting mechanical hyperalgesia (Ն50% withdrawal frequency for at least one hindpaw; ϳ60% of cisplatin-treated mice) were included in these experiments. Thus, before intraplantar injection of AEA, the mean withdrawal frequency of cisplatin-treated mice was 60.0 Ϯ 5.0%. The withdrawal frequency to the mechanical stimulus decreased by 60 min after AEA injection in the paw ipsilateral to the injec-tion, and the greatest decrease in withdrawal frequency, to 30.0 Ϯ 5.0%, occurred at 90 min after injection ( p Ͻ 0.01, two-way ANOVA with Bonferroni's test; n ϭ 4 -7 mice/treatment group; Fig. 2 A) . The withdrawal frequency returned to predrug values by 120 min. There was no evidence of anti-hyperalgesia in the paw contralateral to injection. The mean withdrawal frequency for the contralateral paw was 56 Ϯ 2.4% before injection and 50 Ϯ 3.2% at 90 min after administration of AEA into the contralateral paw (n ϭ 4 -7; p ϭ 0.879, two-way ANOVA), indicating that the anti-hyperalgesia produced by AEA was mediated locally.
To determine whether the anti-hyperalgesic effect of AEA was mediated through CB 1 or CB 2 receptors, selective cannabinoid receptor antagonists were coadministered with AEA. AM281 (10 g), a selective CB 1 R antagonist, but not AM630 (4 g), a CB 2 R antagonist, blocked the anti-hyperalgesic effect of AEA when it was co-injected into the same paw (Fig. 2 A) . The same dose of AM630 effectively blocked the anti-hyperalgesic effect of 2-AG in a murine model of cancer pain (Khasabova et al., 2011) . Injection of AM281 into the hindpaw contralateral to the AEA injection did not block the effect of AEA (55 Ϯ 3.1%; p ϭ 0.773, two-way ANOVA). Neither antagonist altered the mechanical sensitivity of cisplatin-treated mice when given alone (n ϭ 5 mice/group; p ϭ 0.653, two-way ANOVA). (10 g) into a hindpaw decreased withdrawal responses to a mechanical stimulus ipsilateral to the injection in cisplatin-treated mice (PD, predrug). Co-injection of AM281 (10 g, i.pl.), the CB 1 R antagonist, but not AM630 (4 g, i.pl.), the CB 2 R antagonist, blocked the effect of AEA. Neither antagonist had an effect when injected alone. B, Intraplantar injection of URB597 (9 g) into a hindpaw attenuated mechanical hyperalgesia ipsilateral to the injection in cisplatin-treated mice. The effect of URB597 was blocked by co-injection of the CB 1 R antagonist AM281 (10 g, i.pl.); AM630 (4 g, i.pl.) had no effect. *Significantly different from vehicle; # significantly different from AEA or URB597 ( p Ͻ 0.05, two-way ANOVA with Bonferroni's test; n ϭ 4 -8 mice/treatment). Error bars indicate SEM. Systemic as well as local injection of URB597 increases tissue levels of AEA (Lichtman et al., 2004; Fegley et al., 2005) . In the present study, a single intraplantar injection of URB597 (9 g) reduced cisplatin-evoked mechanical hyperalgesia (Fig. 2 B; p Ͻ 0.001, two-way ANOVA with Bonferroni's test; n ϭ 4 -7 mice/ treatment group). The maximum decrease in the withdrawal frequency occurred at 90 min after injection, and the magnitude of the effect was comparable with that produced by intraplantar injection of AEA (from 57.1 Ϯ 1.8% before injection to 31.4 Ϯ 4.6% after). Similarly, a single injection of URB597 reversed heat hyperalgesia in cisplatin-treated mice (6.8 Ϯ 0.47 s cisplatin vs 9.0 Ϯ 0.27 cisplatin plus URB597 at 60 min after injection; p Ͻ 0.001, one-way ANOVA, with Bonferroni's test; n ϭ 7-8 mice/ group). The anti-hyperalgesia produced by URB597 was mediated by peripheral CB 1 R because coadministration of the CB 1 R antagonist, AM281, blocked the effect of URB597 on mechanical hyperalgesia. The CB 2 R antagonist, AM630, did not alter the anti-hyperalgesic effect of URB597 (n ϭ 5; p ϭ 0.372; Fig. 2 B) . URB597 did not produce anti-hyperalgesia in the paw contralateral to injection (59.3 Ϯ 2.0% before and 55.6 Ϯ 1.6% at 90 min after injection; n ϭ 4 -7; p ϭ 0.397, two-way ANOVA). Together, these data support the conclusion that intraplantar injection of URB597 decreased cisplatin-induced mechanical hyperalgesia by increasing the level of endogenous AEA locally, and this effect was mediated by peripheral CB 1 R.
Repeated administration of URB597 attenuated the development of hyperalgesia produced by cisplatin
The development of hyperalgesia was delayed and its magnitude was reduced when daily injections of cisplatin were accompanied by URB597 (9 g, i.p.; Fig. 3 ). Mechanical hyperalgesia following cisplatin alone appeared by day 2, and withdrawal frequency reached 74.2 Ϯ 3.4% after 7 d of treatment (Fig. 3A) ; however, mechanical hyperalgesia did not develop until day 4 in mice treated with cisplatin and URB597. When cisplatin was accompanied by URB597, mechanical hyperalgesia was reduced by ϳ35% after 7 d of treatment. The anti-hyperalgesia produced by URB597 was mediated by CB 1 receptors because coadministration with AM281 (10 g, i.p.) abolished the anti-hyperalgesic effect of URB597. Repeated injections of AM281 alone had no effect on the development of cisplatinevoked mechanical hyperalgesia.
The development of cisplatin-induced heat hyperalgesia was also reduced by daily coadministration of URB597. Heat hyperalgesia was evident following the fourth injection of cisplatin (the first day of data collection), and URB597 blocked the occurrence of heat hyperalgesia on all days of testing (Fig. 3B) . Because URB597 binds to FAAH with high affinity and slow dissociation kinetics, leading to its description as an "irreversible" FAAH inhibitor (Kathuria et al., 2003) , we determined whether the anti-hyperalgesic effect of URB597 in this experimental paradigm was due to the activation of CB 1 R by an endogenous ligand. After determination of heat sensitivity following seven injections of cisplatin, the mice received an additional treatment of cisplatin and URB597. On the following day, the mice were tested for sensitivity to heat and then given an injection of the CB 1 R antagonist AM281 (intraperitoneally). Treatment with AM281 decreased the withdrawal latency in URB597-treated mice (Fig. 3C) , indicating that the reduction in heat hyperalgesia was mediated by activation of CB 1 R by an endogenous ligand. However, the residual heat hyperalgesia in the presence of AM281 indicated that thermal dysfunction was still present. This conclusion is supported by evidence that the same dose of AM281 did not affect heat sensitivity in naive mice ( p ϭ 0.28, two-way ANOVA; 3-4 mice/group).
Collectively, these data support the conclusion that the low level of AEA in the plantar paw skin contributed to the development of cisplatin-evoked mechanical and heat hyperalgesia through a CB 1 R-dependent mechanism. Importantly, inhibition of AEA hydrolysis by treatment with URB597 for 7 d did not alter the performance of the mice on the rotarod ( p ϭ 0.729, one-way ANOVA; Fig. 3D ). Therefore, the inhibitory effect of URB597 on the withdrawal responses to either the mechanical or thermal stimulus was not due to a general depression in motor function.
Cisplatin increased the expression of TRPV1 in sensory neurons
Evidence that a CB 1 R antagonist reversed the anti-hyperalgesic effect of daily cotreatments with URB597 suggested that the effect of cisplatin on the structural underpinning of heat hyperalgesia was not altered by cotreatment with URB597. Because TRPV1 contributes to heat transduction (Caterina MJ et al., 2000) , TRPV1-ir was visualized in L3-L5 DRGs from mice treated with vehicle, cisplatin, or cisplatin plus URB597 (Fig. 4 A) . Quantification of the proportion of TRPV1-ir neurons in DRGs of mice across treatment groups indicated that cisplatin injections increased the occurrence of TRPV1-ir neurons (Fig. 4 B) . It is noteworthy that the proportion of labeled neurons was decreased by cotreatment with URB597, but the effect of cisplatin was not reduced to the level of immunoreactive neurons in the vehicle control group (each treatment group was different from each other at p Ͻ 0.05, one-way ANOVA with Student-NewmanKeuls test; four mice per group). The mean diameter of TRPV1-ir neurons did not change ( p ϭ 0.24 across treatment groups, oneway ANOVA). These data indicate that daily treatment with URB597 reduced the neurochemical effect of cisplatin on the expression of TRPV1.
In comparison, URB597 reversed the effect of cisplatin on a general marker of neurotoxicity. An increase in the number of ATF-3-ir neurons was noted in DRGs of cisplatin-treated mice when compared with saline-treated mice (n ϭ 6 mice/group, p Ͻ 0.001, Kruskal-Wallis ANOVA on ranks test). The somal area of ATF-ir neurons was 1256 Ϯ 80.6 m 2 , which falls outside the range of murine DRG neurons described as nociceptors (Dirajlal et al., 2003) . Co-injection of URB597 with cisplatin for 7 d blocked the expression of ATF-3 following cisplatin (Fig. 4C) .
URB597 blocked effects of cisplatin on large myelinated fibers
Electrophysiology was used to assess the effect of cisplatin on conduction velocity of large-diameter fibers in the sciatic nerve. In all groups of mice, electrical stimulation of the sciatic nerve evoked a well defined A␣/A␤ component of the CAP (Fig. 5A) . The conduction velocity of the A␣/A␤-fibers was slower in mice treated with cisplatin compared with vehicle-and cisplatin-plus-URB597-treated groups (n ϭ 5; p Ͻ 0.05, one-way ANOVA with Bonferroni's t tests; Fig. 5B ). Conduction velocity of A␣/A␤-fibers was 26.6 Ϯ 3.39 m/s in the cisplatin-treated group in contrast to measures in vehicle-and cisplatin-plus-URB597-treated groups of 36.7 Ϯ 1.76 and 35.7 Ϯ 2.69 m/s, respectively.
The decrease in conduction velocity of large myelinated fibers was associated with a decrease in expression of p-NF protein, a marker of myelinated axons (Perry et al., 1991; Sann et al., 1995) . Western blots were prepared of p-NF protein in tibial nerves of mice treated with vehicle, cisplatin, or cisplatin with URB597 (Fig.  5C ). Densitometric analyses of immunoblots demonstrated a decrease in p-NF in cisplatin-treated mice compared with saline-treated mice. The effect of cisplatin was blocked in mice cotreated with URB597 (Fig. 5D) . Thus, daily administration of URB597 with cisplatin reduced neurochemical and conductive abnormalities in large myelinated peripheral nerve fibers produced by cisplatin alone.
URB597 attenuated a neurotoxic effect of cisplatin on DRG neurons in vitro
To further evaluate the neuroprotective function of URB597, we determined whether URB597 decreased direct effects of cisplatin on DRG neurons in vitro. Since cisplatin decreases the process of tubulin assembly/disassembly (Tulub and Stefanov, 2001) , and polymerization of ␤-tubulin III is essential for neurite extension in regenerating axons (Moskowitz and Oblinger, 1995) , ␤-tubulin III-ir was used to evaluate effects of cisplatin (4 g/ml) and URB597 (100 nM) on DRG neurons after 24 h of treatment. The concentration and duration of cisplatin treatment were selected on the basis of previous studies (McDonald et al., 2005; Klein et al., 2007) . The clinical relevance of in vitro cisplatin treatment was confirmed by the decreased survival of fibrosarcoma cells (Fig. 6 ). In addition, we used HPLC/MS analysis to confirm that treatment with URB597 (100 nM) increased the level of AEA in cultured DRG cells without altering the levels of 2-AG and PEA (n ϭ 3 cultures/group; p Ͻ 0.05, Student's t test; Table 2 ). The number of NeuN-ir neurons in DRG cultures was not altered following cisplatin treatment, indicating that cisplatin did not affect neuronal survival (n ϭ 4131-5038 neurons/group across 4 different culture preparations; p ϭ 0.546, Student's t test).
Under control conditions, cultured DRG neurons extended neurites within 24 h after plating. Although cisplatin did not Figure 4 . URB597 attenuated effects of cisplatin on protein expression in DRGs. A, TRPV1-and ATF-3-ir were detected by immunofluorescence in L3-L5 DRGs from mice treated with vehicle, cisplatin, or cisplatin plus URB597. Cisplatin (1 mg/kg of body weight, daily for 7 d, i.p.) increased the occurrence of TRPV1-and ATF3-ir in neurons. Co-injection of URB597 (0.3 mg/kg daily, i.p.) with cisplatin attenuated the effect cisplatin on protein-ir. Scale bars: 10 m (for images within each antigen). B, Quantitative summary of the effect of treatments on TRPV1-ir in neurons. Data are expressed as the mean Ϯ SEM.
a Significantly different from each other group ( p Ͻ 0.05, one-way ANOVA with Student-Newman-Keuls test; n ϭ 4 mice/treatment). C, Quantitative summary of the effect of treatments on ATF-ir in neurons. Data are expressed as the median and 25th and 75th percentile range. *Significantly different from vehicle control and cisplatin plus URB597 groups (n ϭ 6 mice/treatment; p Ͻ 0.001, Kruskal-Wallis ANOVA on ranks test).
affect the number of neurons in culture, the total neurite length of DRG neurons was reduced following cisplatin treatment (median of 2170 m compared with 3843 m in vehicle-treated neurons). Coadministration of cisplatin with URB597 prevented the effect of cisplatin on total neurite length, producing a result comparable with vehicle-treated neurons (median of 3688 m; Fig. 7) . The effect of URB597 on neurite growth was mediated by CB 1 receptors because AM281 (1 M), but not AM630 (1 M), blocked the increase in neurite length following treatment with URB597 ( p Ͻ 0.001, KruskalWallis ANOVA on ranks; n ϭ 3 different culture preparations). Application of URB597 alone to DRG neurons had no effect on neurite extension (Fig. 7D) . Together, these data indicate that an increase in AEA following URB597 protected isolated DRG neurons from the decrease in neurite growth following cisplatin, and this occurred through CB 1 receptors.
Discussion
The present study demonstrates for the first time that facilitation of AEA signaling may protect sensory neurons from cisplatininduced injury as well as reduce the pain associated with the neuropathy. An acute, local increase in AEA in the periphery transiently attenuated cisplatin-evoked hyperalgesia via activation of CB 1 R. More importantly, long-term facilitation of AEA signaling by inhibition of AEA hydrolysis with URB597 delayed the onset and decreased the magnitude of mechanical and heat hyperalgesia caused by repeated administration of cisplatin. The behavioral effect of coadministration of URB597 with cisplatin was accompanied by a reduction in biochemical and functional aberrations of DRG neurons in mice treated with cisplatin alone. Following an earlier example that used primary cultures of adult DRG neurons to characterize the neurotoxic effects of cisplatin (Malgrange et al., 1994) , the present study used this model to uncover a neuroprotective effect of URB597 against cisplatin in DRG neurons.
General characteristics of a murine model of cisplatin-evoked mechanical hyperalgesia
Consistent with earlier clinical (Sleijfer et al., 1985; Cooley et al., 1994) and experimental (Tredici et al., 1998; Joseph and Levine, 2009; Ta et al., 2009) reports, mechanical and heat hyperalgesia occurred in the majority of mice treated with cisplatin in the present study. Because cisplatin does not cross the blood-brain barrier (Gregg et al., 1992) and no obvious deterioration in general health or motor activity occurred during the 7 d course of treatment, the hyperalgesia observed in cisplatin-treated mice is most likely due to changes in sensory neurons. This conclusion is supported by the pattern of neurochemical and functional changes that occurred in somatosensory neurons in vivo, including the increased occurrence of ATF-3-and TRPV1-ir in DRG neurons, a decrease in the expression of p-NF protein in peripheral axons, and the slowing of the conduction velocity observed in the electrically evoked sensory CAP.
The expression of ATF-3 in DRG neurons is a specific marker of axonal injury. ATF-3 is a transcription factor that is synthe- (Bank, 1987) . sized de novo in sensory neurons in response to injury of peripheral axons (Hai and Hartman, 2001) ; noxious stimuli in the absence of nerve injury do not induce its expression (Tsujino et al., 2000) . Thus, the occurrence of ATF-3 in DRG neurons in the present study is most likely secondary to axonal damage caused by cisplatin. Other antimitotic drugs share this effect on ATF-3 (Jimenez-Andrade et al., 2006; Jamieson et al., 2007; Peters et al., 2007) . The increased expression of TRPV1-ir in cisplatin-treated mice is consistent with an earlier report of increased TRPV1 mRNA in trigeminal ganglia from cisplatin-treated mice (Ta et al., 2010) . However, the previous report did not detect a change in the proportion of TRVP1-ir neurons in the ganglia. The difference in results may be due to the sensitivity of the immunohistochemical protocols or a difference in the ganglia sampled. Most noteworthy, TRPV1 was shown to be required for heat hyperalgesia in cisplatin-treated mice (Ta et al., 2010) .
The decrease in expression of p-NF protein in peripheral nerve of cisplatin-treated mice complements a previous study of cisplatin-treated rats that showed a decrease in the number of pNP-ir cell bodies in lumbar DRGs (Jamieson et al., 2009) . A decrease in the expression of neurofilament proteins in sensory neurons is associated with peripheral neuropathy in humans treated with cisplatin (Walsh et al., 1982; Gastaut and Pellissier, 1985) . Phosphorylated neurofilaments are major cytoskeletal proteins of myelinated nerve fibers, and the amount of pNP-ir is positively correlated to conduction velocity in A␣/A␤-fibers (Lawson and Waddell, 1991) . The reduction in conduction velocity we observed following cisplatin treatment is consistent with a clinical report (Yamamoto et al., 1997 ) and other preclinical studies (Bárdos et al., 2003; Yoon et al., 2009 ). Together, these behavioral, biochemical, and functional changes support the use of short-term cisplatin treatment in mice as a model for studying effects of repeated cisplatin administration on sensory neurons and the development of new anti-hyperalgesic and neuroprotective approaches to chemotherapy-induced neuropathy.
Anandamide signaling and hyperalgesia
Because AEA is an agonist of the CB 1 R (Hillard, 2000; Pertwee and Ross, 2002) and CB 1 R tone in nociceptors modulates the threshold for their activation (Agarwal et al., 2007) , we speculate that the reduction in the AEA content of plantar skin in cisplatintreated mice contributed to the behavioral hypersensitivity observed in these mice. Similarly, a decrease in CB 1 R activity may contribute to the observed increase in spontaneous activity of A␦-and C-fibers observed in rats treated with a related compound, oxaliplatin (Xiao et al., 2012) . This assertion is supported by evidence that local injection of AEA or URB597, an inhibitor of AEA hydrolysis, acutely reduced the hyperalgesia in cisplatintreated mice. Evidence that the effects of AEA and URB597 were reversed by a CB 1 but not CB 2 receptor antagonist confirmed that the acute effects of each were mediated by CB 1 R. Thus, the acute anti-hyperalgesic effect of AEA in cisplatin-treated mice is consistent with its effects in models of inflammatory, neuropathic, and cancer pain (Calignano et al., 1998; Khasabova et al., 2008) . The mechanism underlying the reduction in tissue content of AEA remains to be resolved.
URB597 delayed and decreased the development of hyperalgesia
An important observation of the present study is that repeated systemic administration of URB597 delayed and decreased the Figure 7 . Adult DRG neurons treated with cisplatin in vitro exhibited reduced neurite growth, which was prevented by cotreatment with URB597. A, Dissociated DRG neurons cultured in the control conditions exhibited long, branched neurites with strong tubulinir. B, DRG neurons treated with cisplatin (4 g/ml) for 24 h had fewer and shorter tubulin-ir neurites compared with neurons in the control condition. C, Cotreatment with URB597 (100 nM) reversed the effect of cisplatin. Scale bar, 50 m. All images are the same magnification. D, Quantitative summary of the effect of treatments on neurite length. Data are expressed as the median and 25th and 75th percentile range. The effect of URB597 was blocked by cotreatment with the CB 1 R antagonist AM281 (1 M). The CB 2 R antagonist AM630 (1 M) did not block the effect of URB597. Neither antagonist alone had effect on cisplatin-treated DRG neurons. URB597 had no effect on the length of tubulin-ir neurites in the control conditions. *Significantly different from vehicle in the control condition.
# Significantly different from vehicle, URB597 plus AM281, or URB597 plus AM630 groups in cisplatin-treated conditions (n ϭ 143-191 neurons/treatment in 3 different culture preparations; p Ͻ 0.001, Kruskal-Wallis ANOVA on ranks). severity of cisplatin-induced mechanical and heat hypersensitivity through activation of CB 1 receptors. URB597 is a highly selective FAAH inhibitor (Cravatt et al., 1996) that penetrates the brain and elevates endogenous AEA (Lichtman et al., 2004; Hohmann et al., 2005) . Although URB597 is considered an effective inhibitor of FAAH, other amides such as N-PEA and N-oleoylethanolamide are also substrates for FAAH (Cravatt et al., 2001 ) and have anti-hyperalgesic properties (LoVerme et al., 2006; Suardíaz et al., 2007) . However, these fatty acid amides do not activate CB 1 R (Lambert and Di Marzo, 1999) . Instead, CB 2 R or PPAR␣ mediate their anti-hyperalgesic effects in other models of peripheral injury (Sagar et al., 2008; Kinsey et al., 2009 ). In cisplatin-treated mice, both the acute and long-term effects of URB597 on hyperalgesia were reversed by a CB 1 R antagonist. Importantly, repeated systemic administration of URB597 did not impair motor function. In addition, unlike other CB 1 R agonists, repeated administration of URB597 does not result in physical dependence (Schlosburg et al., 2009) , thereby increasing the potential clinical utility of FAAH inhibitors.
In addition to decreasing hyperalgesia, repeated administrated of URB597 considerably decreased the severity of cisplatininduced peripheral neurotoxicity in vivo. When URB597 was co-injected with cisplatin, the effects of cisplatin on the biochemical markers used to characterize its neurotoxicity (ATF-3 and p-NF) were reversed along with the functional changes in subpopulations of A-fibers. Although we cannot exclude the possibility that other ethanolamides have a role in modulating these diverse changes, if these markers are accepted as markers of neuronal stress, it is interesting to consider the effect of URB597 on neurite growth in vitro and the extent to which CB 1 R may contribute to the fundamental health of DRG neurons.
Anandamide signaling and neuronal neurotoxicity
The primary antineoplastic activity of cisplatin is attributed to its platination of nuclear DNA. Recent evidence indicates that sensory changes associated with cisplatin treatment may be due to mitochondrial dysfunction that results from platination of mitochondrial DNA (Flatters and Bennett, 2006; Podratz et al., 2011; Xiao et al., 2011) . Alternatively, because cisplatin interferes with the polymerization of microtubules (Tulub and Stefanov, 2001; Goshima et al., 2010) , the scaffold for axonal transport, impaired axonal transport may also contribute to the sensory changes following cisplatin treatment. The total length of ␤-tubulin-ir neurites was used as a measure of cisplatin neurotoxicity in vitro (Malgrange et al., 1994) . It is noteworthy that URB597 reversed the inhibitory effect of cisplatin on neurite extension by DRG neurons through a CB 1 R-dependent mechanism. Biochemical measures confirmed that URB597 increased the level of AEA in the cultures. These data are consistent with CB 1 R-mediated stimulation of neurite outgrowth in an in vitro model of diabetic neuropathy (Zhang et al., 2009) ; however, the mechanism by which CB 1 R signaling blocks cisplatin-mediated disruption of neurite extension remains to be determined. We speculate that signal transducer and activator of transcription 3 (STAT3) plays a key role in this process. Phosphorylation of STAT3 is a downstream target of CB 1 R signaling, and phosphorylated STAT3 also binds to tubulin to promote polymerization and neurite extension (He et al., 2006; Ng et al., 2006; Bromberg et al., 2008) . Given the fundamental role of microtubules in axonal transport and the beneficial effect of neurotrophic factors in vivo in cisplatininduced peripheral neurotoxicity (Wongtawatchai et al., 2009) , maintaining the retrograde transport of neurotrophic factors may attenuate neurotoxic effects of cisplatin in vivo.
Conclusion
We have shown that cisplatin produces hyperalgesia and toxicity to sensory neurons as indicated by neurochemical, morphological, and functional measures. Increasing AEA signaling at CB 1 receptors not only reduced the hyperalgesia but reduced the neurotoxicity of cisplatin as well. Although the mechanisms by which AEA reduce neurotoxicity remain to be resolved, the present studies underscore the dual utility in exploiting the endocannabinoid system for management of neuropathic pain produced by chemotherapy.
